Relationship of corn (Zea mays L.) yield with plant height measured during early-to mid-season may possess the potential to be used to develop algorithms for guiding variable-rate N applications within a field. This study evaluated the performance of the linear, quadratic, square root, logarithmic, and exponential models in assessing the relationship of corn yield with plant height measured at three growth stages and four cropping systems for three years. The determination coefficient (R 2 ) values of these five models were generally similar at each growth stage within each cropping system and year or within each cropping system on the three-year combined data. Our results suggest that all these models could be used to describe the relationship of corn yield with plant height during early-to mid-season under different cropping systems and weather conditions, but the linear model may be the preferred model because of its simplicity. 
Introduction
Plant height is a good measure of corn growth during vegetative development. It is affected by both crop and soil management factors. Corn produces taller plants at high plant population (Jonathan, et al., 2006) . Soil moisture availability (Hussain et al., 1999) , soil compaction, surface soil structure, and soil aggregation (Kladivko et al., 1986) , fertilizer applications (Kapusta et al., 1996) , and tillage system (Kladivko et al., 1986 ) also influence plant height of corn. In addition, plant height differs among corn cultivars (Rhoads and Stanley, 1973) .
Plant height has been increasingly investigated during the past several years for its potential to be used to develop algorithms to guide high resolution variable-rate N applications within a field because plant height can be measured non-destructively and at high resolutions during early-to mid-season through ultra-sound distance sensing of the crop canopy (Katsvairo et al., 2003; Machado et al., 2002; Shrestha et al., 2002) . If early-to mid-season plant height is a good predictor of corn yield, the integration of plant height sensing with variable-rate application and the Global Positioning System will enable on-the-go determination of N fertilizer requirements of different parts within a field, real-time applications of N at variable rates to meet those requirements, and precision treatment of each part of the field sensed without data pre-processing or previously determining the location within a field. Therefore, this non-destructive plant height-based system could minimize labor and cost on variable-rate N applications relative to the other precision N management systems such as grid sampling of soil and crop.
Compared with canopy normalized difference vegetation index (NDVI), another plant measure being used to develop algorithms for guiding variable-rate N applications within a field (Biermacher et al., 2006; Ortiz-Monasterio and Raun, 2007; Raun et al., 2001; Raun et al., 2002; Teal et al., 2006; Tubana et al., 2008) , much less information is available about the relationship of corn yield with plant height (Katsvairo et al., 2003; Machado et al., 2002) . Katsvairo et al. (2003) and Machado et al. (2002) both reported that plant height correlated with corn yields during early-and mid-season, but this correlation varied with locations and years.
Because N fertilizer recommendations for corn are based on yield goals in many areas, more investigations are needed to assess the relationship of yield with plant height of corn in order to make plant height sensing a reliable tool for predicting corn yield and thus assessing the N fertilizer requirements of different parts within a field. This relationship should be evaluated under different cropping systems and weather conditions. Meanwhile, the response of plant height to N application rates and the correlation of plant height with N application rate also need further investigation.
Unlike the association of corn yield with canopy NDVI (Moges et al., 2007; Teal et al., 2006) , the relationship of corn yield and plant height has so far not been documented. Because corn yield increases with plant biomass, and plant biomass is positively related with plant height; it is assumed that corn yield increases as plant height increases within a certain range of plant height. Therefore, linear (y = a + b*x), quadratic (y = a + b*x + c*x 2 ), square root (y = a + b*√x), logarithmic, (y = a + b*lnx), and exponential (y = a*e b*x ) models are possible models that can be used to describe the relationship of corn yield with plant height. The objectives of this study were to evaluate the response of corn plant height to N application rates and the performance of five different regression models (linear, quadratic, square root, logarithmic, and exponential) in assessing the relationship between corn yield and plant height measured at key growth stages during early-to mid-season under four different cropping systems.
Materials and Methods

Site Description and Experimental Design
Nitrogen trials were conducted on the University of Tennessee's Research and Education Center at Milan, TN from 2008 through 2010. Each trial was comprised of six N rate treatments: 0, 62, 123, 185, 247, 308 kg N ha -1 , which were implemented each year in a randomized complete block design with four replicates. These six N treatments were evaluated for three years under four different corn cropping systems which were continuous corn, corn after soybean, corn after cotton, and irrigated corn after soybean. All three non-irrigated cropping systems were placed in the same field, while the irrigated system was arranged in an adjacent field each year.
The soil for the three non-irrigated cropping systems was categorized as Grenada (fine-silty, mixed, active, thermic Oxyaquic Fraglossudalfs) in all three years. The soil for the irrigated system was classified as Loring (fine-silty, mixed, active, thermic Oxyaquic Fragiudalfs) in three seasons. All fields used in this study had over 10 years of continuous no-tillage production history.
Initial Soil Properties and Crop Management
A 10-core composite soil sample was taken randomly with a 2.5-cm diameter hand probe from the experimental area of each field in the 0-to 15-cm depth during the preceding fall of each year. After the samples were air-dried, ground to pass through a 2-mm screen, and mixed thoroughly, they were analyzed by the University of Tennessee's Soil Testing Laboratory. Soil pH was measured in a 1:1 (soil:H 2 O) solution (Watson and Brown, 1998) . Soil available P and K were extracted with the Mehlich I method (Sims, 1989) .
The field for the three non-irrigated cropping systems had a soil pH of 6.3 in 2008, 6.4 in 2009, and 6 (Savoy and Joines, 2010) .
Nitrogen fertilizer was uniformly broadcast on the soil surface within seven days after corn planting as ammonium nitrate (34N-0P-0K) each year. Corn (c.v. Pioneer 33N58) was planted with a John Deere vacuum planter (John Deere, Moline, IL) in a 76-cm row width with six rows of corn per plot under no-tillage for all cropping systems on 22 April 2008, 17 April 2009, and 13 April 2010. The plots were 9.1 m long and 4.6 m wide. Fertilizer (except N) applications and weed, pest, and disease control were completed as needed according to the University of Tennessee's recommended management practices. Corn at the irrigated location was irrigated under a Valley linear irrigation system (Valmont Irrigation, Valley, NE). Water amounts for irrigation were based on the MOIST soil moisture management system (Leib, 2011) and were identical for all treatments.
Plant Height Measurement and Yield Determination
Plant height was measured with a meterstick by randomly selecting eight plants from the two center rows of each plot at growth stages of around the 6-leaf growth stage ( . Daily rainfall and air temperature were recorded on site for all three seasons. Growing degree days (GDD) from corn planting to harvest were calculated for each growing season with the method of Wiebold (2010).
Statistical Analysis
Regression of plant height measured at V6, V10, and V12 with N application rate was conducted with the GLM procedure of SAS for Windows V9 (2) (SAS Institute, Cary, NC). Regression analysis was conducted with plant height as the dependent variable and N application rate as the independent variable to examine the relationship between plant height and N application rate at V6, V10, and V12 for each cropping system-year. A quadratic model (y = a + b*x + c*x 2 ) was employed in this analysis.
Regression analyses were conducted between corn yield and plant height measured at V6, V10, and V12 to assess the relationship of yield with plant height at V6, V10, and V12, respectively. Linear, quadratic, square root, logarithmic, and exponential models were used for these analyses. Regression analyses were conducted on the following two different types of data sets: Each cropping system-year, and each cropping system across all years. In this study, the determination coefficient (R 2 ) values were used to evaluate the strength of relationship between corn yield and plant height measured in early-to mid-season. The R 2 value was calculated as the quotient of the sum of squares for regression divided by the corrected total sum of squares (SS regression /SS corrected total ) for all models so that all the models are comparable. The GLM procedure in SAS was used for the linear, quadratic, square root, and logarithmic models. For the square root and logarithmic models, a new variable of square root (x) and ln (x) was generated, respectively, before conducting the GLM analysis. The NLIN procedure in SAS was employed for the exponential model. Probability levels lower than 0.05 were designated as significant for all analyses.
Results and Discussion
Weather conditions varied among the three growing seasons in this study. The total rainfall from corn planting to harvest was 411, 582, and 907 mm for the non-irrigated cropping systems and 411, 698, and 907 mm for the 1829, 1858, and 1844 in 2008, 2009, and 2010 , respectively, for the non-irrigated cropping systems, and was 1858, 2111, and 1844 in 2008, 2009, and 2010 , respectively, for the irrigated system. The three growing seasons had similar GDD for all the cropping systems over the three years except the irrigated one in 2009 which was harvested 19 days later than the other systems. However, the average daily air temperatures of June, July, and August were 25.5, 26.6, and 25.1 o C in 2008, 26.0, 24.6, and 24.5 o C in 2009, and 27.6, 27.6, and 27.9 o C in 2010, respectively (Figure 2) . Overall, the 2009 season was somewhat cooler in July and August, and 2010 was hotter during June to August, compared with 2008.
Regression of Plant Height with N Application Rate
Regression of plant height measured at the V6, V10, and V12 growth stages with N application rate were all statistically significant under a quadratic model in 2008, 2009, and 2010 in corn after soybean (Figures 3, 4, & 5) . Improvements of R 2 values were frequently observed in this regression when the growing season progressed from V6 to V10 and to V12. Similar tendencies were observed in the regression of plant height with N application rate in continuous corn, corn after cotton, and irrigated corn (Table 1) . Corn yields differed remarkably among the four cropping systems (Yin et al., 2011) . Corn after soybean and corn after cotton both produced intermediate yields, continuous corn yielded the lowest, and irrigated corn had the highest yield. Our results indicate that the relationship of plant height with N application rate generally remains similar under different cropping systems.
The majority of the R 2 values were above 0.50 at V6, V10, and V12 under the four cropping systems in all three years. For field trials, R 2 value of 0.50 is sometimes used as the critical value to determine whether a regression is strong or not. If that criterion is used, our results suggest that the association of plant height with N application rate was strong in this study except V10 for continuous corn and V6 for irrigated corn in 2010. The generally strong regression of plant height with N application rate in this study is an indicator that plant height may be used as a viable measure to determine the N fertilizer requirements of different parts within a field, and thus be used to guide variable-rate N applications within a field of corn during early-to mid-season. Similarly, Taylor et al. (2007) reported a good relationship of canopy NDVI with N fertilizer rate in two cotton studies in Oklahoma.
Comparison of Models in Assessing the Relationship of Corn Yield with Plant Height
In continuous corn, the R 2 values were similar for the linear, quadratic, square root, logarithmic, and exponential models at each growth stage each year no matter whether the regression of corn yield with plant height was strong or weak (Table 2) . When the data were combined across the three years for each cropping system, these five models in general still had similar R 2 values at each growth stage, even though the regression of yield and plant height was generally weaker compared with those in each individual year due to the confounding of year effects with the effects of N rate treatments. For corn after soybean, corn after cotton, and irrigated corn, the R 2 values remained alike for these five models at each growth stage within each year and cropping system (Tables 3,  4 , & 5). When the data were combined across all three years under each cropping system, the R 2 values for these five models generally remained similar at each growth stage.
Overall, similar R 2 values for the five models suggest that these five models have comparable performances in assessing the relationship of corn yield with plant height irrespective of growth stage, year, and cropping system. Since corn yields differed remarkably among these four cropping systems (Yin et al., 2011) , and the rainfall and daily air temperatures varied noticeably among the three growing seasons (Figures 1 & 2) in this study; our results suggest that the performances of these five models remain comparable under different cropping systems and weather conditions. As mentioned above, when the data were combined across all three years under each cropping system, the R 2 values for this regression generally became weaker compared with those of each individual year at all growth stages (Tables 2, 3 , 4, & 5) . Similarly, Chang et al. (2003) found that the R 2 value for the regression of corn yield with multispectral and multidate reflectance was 0.78 and 0.91 for two different locations, but it went down to 0.47 when the data were pooled across the two locations. This was at least partially due to the differences in production conditions among locations and years (Yau and Hamblin, 1994) .
Conclusions
Plant height measured at V6, V10, and V12 generally had a strong association with N application rate under continuous corn, corn after soybean, corn after cotton, and irrigated corn after soybean in all three years. This association could be described with a quadratic model. The generally strong relationship of plant height with N application rate is an indicator that plant height may be used as a viable measure to determine the N fertilizer requirements of different parts within a field, and thus be used to guide variable-rate N applications within a field on corn during early-to mid-season.
The R 2 values of the linear, quadratic, square root, logarithmic, and exponential models were generally comparable in the regression of corn yield with plant height at each growth stage within each cropping system and year or within each cropping system on the three-year combined data. Our results suggest that these five models could all be used to assess the relationship of corn yield with plant height measured during early-to mid-season under different cropping systems and weather conditions, but the linear model may be the preferred model because of its simplicity. 
